ABSTRACT. Multicomponent oxides and their heterostructures are rapidly emerging as promising light absorbers to drive oxidative chemistry. To fully exploit their functionality, precise tuning of their composition and structure is crucial. Here, we report a novel solutionbased route to nanostructured bismuth vanadate (BiVO 4 ) that facilitates the assembly of BiVO 4 /metal oxide (TiO 2 , WO 3 , and Al 2 O 3 ) nanocomposites in which the morphology of the 2 metal oxide building blocks is finely tailored. The combination of transient absorption spectroscopy -spanning from picoseconds to second timescales -and photoelectrochemical measurements reveals that the achieved structural tunability is key to understanding and directing charge separation, transport, and efficiency in these complex oxide heterostructured films.
photocurrent. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] 21 This enhancement was attributed to a combination of effective light scattering, improved charge separation and transport, and an enlarged interfacial contact area with the electrolyte.
The performance enhancements achieved in oxide heterostructures are not only strongly dependent on light absorber composition, but also on structural parameters, such as characteristic size, shape, and the relative arrangement of the two components. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Opposing structural modifications are often required to improve one parameter at the cost of another. For example, a large interfacial area at the heterojunction, obtained by nanostructuring, is advantageous for charge separation but can be detrimental for charge transport, which would benefit from a more extended crystalline network. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] When aiming at maximizing photoelectrochemical (PEC) performance, the ability to tailor-make material platforms with tunable morphological characteristics in an unrestricted compositional range is critical for achieving optimal design specifications, as well as for providing understanding of the sensitivities of performance parameters to different compositional and structural parameters. Although they have led to significant advances in the field, the previously reported systems do not yet possess the broad synthetic tunability required to systematically probe the important roles of structure and composition on photocarrier transport in multicomponent oxide heterostructures.
Our approach to gain structural and compositional control is to synthesize and assemble colloidal nanocrystals (NCs), a strategy that has been fruitful in recent years for addressing similar scientific needs in other technological areas. [28] [29] [30] [31] [32] [33] The superior control afforded by colloidal chemistry, including composition, size, and shape, combined with solution processability and rich surface chemistry, has provided access to modular inorganic nanocomposites with an unprecedented tunability. 2, [28] [29] [30] [31] [32] [33] Nonetheless, the full potential of colloidal chemistry has not yet been explored to construct complex functional 3D architectures for solarto-chemical energy conversion.
One of the hurdles to realizing oxide heterojunctions suitable for PEC with tailored structure and composition by NC assembly is the lack of colloidal approaches for the synthesis of ternary and quaternary oxide light absorbers. While well-established colloidal routes exist for complex multi-element chalcogenides (e.g. CuZnSSe, PbSeSe, PbSeTe), which have been widely used for ink-based photovoltaics, the synthesis of ternary and quaternary oxide NCs still remains to be fully explored. [34] [35] [36] [37] [38] In this work, first a colloidal synthetic strategy to access monoclinic BiVO 4 nanostructured thin film photoanodes is described. Specifically, Bi 2 O 2.7 /VO x NC heterodimers were synthesized and their thermal evolution into BiVO 4 films was followed by X-ray diffraction and optical spectroscopy. Second, the heterodimers were assembled with pre-synthesized /VO x NC heterodimers were synthesized through an in-situ seed-mediated growth, where Bi nanosheets generated in the reaction flask (see Figure S1 ) act as seeds for the nucleation of a non-centrosymmetric vanadium oxide shell. Bismuth chloride (BiCl 3 ) was used as bismuth precursor and vanadyl acetylacetonate (VO(acac) 2 ) as vanadium source, while oleylamine was used as surfactant and solvent (see SI for experimental details). and V(V), however we cannot definitively confirm or exclude its presence in our system. 8 To form functional semiconductor thin films, the as-synthesized Bi 2 O 2.7 /VO x NC heterodimers were spin-coated on silicon substrates and annealed at different temperatures, and the resulting changes in crystal structure were recorded by XRD. As shown in Figure 2 , after annealing at 250 ºC for two hours in air, new peaks at 2ϑ = 24.2º, 27.3º, 36.3º, 37.1º and 39.5º appeared with respect to the as-deposited sample. Most of these new peaks were in good accordance with the XRD pattern of monoclinic Bi 2 O 3 (JCPDS #04-005-4873) suggesting that during the annealing step at 250 ºC, oxygen is incorporated in the tetragonal non-stoichiometric Bi 2 O 2.7 lattice (JCPDS #30-065-4028). As the annealing temperature was increased to 350 ºC, the film crystallized into the monoclinic BiVO 4 phase, as evidenced by the appearance of intense peaks at 2ϑ = 29º, 31º.
However, an impurity phase was still present (i.e. 2ϑ = 33º), suggesting that a higher temperature is required to complete the transformation. After annealing for 10 min at 500 ºC in air, the film crystallized into pure monoclinic BiVO 4 phase (JCPDS #00-014-0688) and the narrowing of the peaks indicated an increase of the film grain size up to ~ 80 nm (~ 30 nm for the films annealed at 350 ºC) that is evident also in the SEM images ( Figure S5 ). XPS and Raman spectroscopy data were also consistent with the assigned annealing-induced phase transformations ( Figure S4 ). The importance of the presence of Bi, V, and O within the same NC building blocks was evidenced by the failure to obtain monoclinic BiVO 4 films when separately synthesized and purified Bi NCs were reacted with the vanadium precursor ( Figure S6 ).
It is important to note that, although XRD analysis for the discussed reaction conditions indicated the presence of the pure BiVO 4 phase in samples annealed at 500 ºC, Raman spectroscopy revealed that amorphous V 2 O 5 is also present ( Figure S4c ). This finding was not surprising considering the vanadium-rich composition of the heterodimers measured by ICP-OES analysis. For samples prepared with a lower concentration of the bismuth precursor in the reaction mixture, V 2 O 5 was clearly detected by XRD after annealing ( Figure S7 ). With higher concentration of bismuth precursor, a major fraction of the sample was instead composed of 300 nm Bi spheres ( Figure S8 ). As previously reported, immersing the films in 1M NaOH solution for 30 s was sufficient to selectively remove V 2 O 5 (see Table S1 ). 7 The phase transformation
was also monitored by UV-Vis absorption spectroscopy (see Figure S9 and S10) and the data were consistent with the results obtained by XRD.
Transient absorption (TA) spectroscopy was utilized to study the excited state dynamics of the analysis are shown in Figure 3 . For the 350 ºC (500 ºC) annealed sample, the extracted lifetimes were 1.4, 7.0, and 40 ns (2.7, 11, and 100 ns). Henceforth, these three components will be referred to as 'fast', 'medium', and 'slow', respectively. In general, the sample annealed at 500 ºC exhibited a similar fast and medium component but significantly increased lifetimes from the slow component, compared to the sample annealed at 350 ºC. The normalized amplitudes of these three components provide additional information regarding the origin of these lifetimes.
The amplitudes of the fast, medium, and slow components for the samples annealed at 350 ºC (500 ºC) were 0.63, 0.24, and 0.14 (0.52, 0.34, and 0.14). By increasing the annealing temperature, the amplitude of the fast component decreased relative to that of the medium component, whereas the slow component remained the same. Given the increased crystalline order and grain size observed with 500 ºC annealing, we correlate the fast component with rapid carrier recombination at internal defect sites, whose concentrations can be reduced through annealing. At longer times, corresponding to the medium component, a second bulk recombination pathway dominates the observed dynamic relaxation. As the fast recombination channel is eliminated, the relative contribution from the medium component, which appears to be less affected by annealing, increases. Recently, Ravensbergen et al. demonstrated that recombination of trapped carriers occurs between 10 ns and 10 µs. 44 As discussed below, we also attribute the slow component observed here to be due to trap state-mediated recombination, in the present case at the surfaces of nanocrystalline BiVO 4 .
To further examine the role of the surface in these samples and correlate the TA dynamics with the PEC performance, samples annealed at 350 ºC and 500 ºC were immersed in a 0.1M sodium sulfite solution (a hole scavenger). In such a solution, upward band bending of both valence and conduction bands at the semiconductor solution interface is expected. Consequently, electronhole separation should be increased, with holes preferentially drifting toward the surface in the presence of the electric field below the semiconductor/electrolyte junction. BiVO 4 has a relatively low majority electron mobility compared to other metal oxide materials. [44] [45] [46] 49 For bulk BiVO 4 materials, where a larger fraction of the photoelectrons decay through the ~40 ns bulk channel, the diffusion lengths remain longer (~100 nm in bulk material). 7, 50 Herein, when coupled with the large fraction of short lifetime pathways due to the large surface to volume ratio, the majority carrier diffusion lengths are likely to be decreased and extraction of electrons to the back contact may limit the achievable photocurrent density. This observation provides a strong impetus to couple the nanostructured BiVO 4 light absorber to a secondary nanostructured metal oxide material that possesses improved electron transport properties in order to mitigate the limitations arising from short majority carrier diffusion lengths. If materials possessing appropriate band alignment are utilized, formation of a solid state bulk heterojunction nanocomposite is expected to improve electron charge extraction efficiency and, consequently, overall photoelectrochemical performance.
Assembly of BiVO 4 /MO heterostructured nanocomposites.
To demonstrate and explore the unprecedented tunability afforded by our novel colloidal-based for WO 3 -small. It is worth to noting that the relative difference between these two values (17%) is comparable with the charge separation efficiency extracted by the PEC measurements (14%).
This implies that the efficiency of photo-generated electron injection across the heterojunction interface was highest for the case of the smaller WO 3 nanorods.
While decay of the photoexcited state of BiVO 4 at the ps time scale is observed by probing above its bandgap, the associated electron transfer across the heterojunction interface does not correspond to relaxation to the ground state. Indeed, it is expected that charge transfer across the heterojunction interface will significantly increase photocarrier lifetimes due to the spatial separation of electrons and holes. It has been previously shown that the transient absorption response of BiVO 4 in the spectral range below its bandgap originates from photoexcited holes in the material. 36 Therefore, to better understand the role of the MO in charge separation efficiency and to probe the influence of the charge separation on long lived photoholes, which are important for water oxidation, TA spectroscopy was performed in the millisecond to second timescale at a probe wavelength of 550 nm. As shown in Figure 5d TA measurements revealed electron injection from BiVO 4 to WO 3 , which is consistent with the band alignment of the two MOs. Importantly, a higher efficiency of electron injection in the WO 3 -small versus WO 3 -big was observed. These data help to elucidate the higher performance of BiVO 4 /WO 3 -small by indicating that efficient charge separation is key to maximizing the PEC performance; once the electrons are injected into WO 3 , charge transport is sufficiently good to not limit overall performance. Improved efficiency of electron injection, likely deriving from a more extended interfacial area between BiVO 4 and WO 3 in the case of WO 3 -small, is thus the relevant parameter for enhancing the photocurrent in the PEC measurements. Optimization of the interface is expected to largely benefit the overall PEC performance in this class of MO photoanode heterojunctions.
The structural tunability afforded by the NC-based architectures, together with combined PEC and TA measurements, allow for important insights into the relative roles of charge separation at the interface and charge transport in the MO, which can each play crucial roles in nanoscale composites. Future in-situ optical studies would be helpful to gain further knowledge about the bias-dependent charge dynamics in these nanocomposite photoanodes. 45, 51 In summary, an in-situ seed-mediated growth method for the synthesis of colloidal performance. In the future, systematic variation of MO compositions and structures is expected to enable tailored interfacial charge transfer and extraction, thereby providing a route to optimization of PEC performance characteristics. While the focus of this initial study was on BiVO 4 /WO 3 nanocomposites, the generality of this facile method for the assembly of preformed building blocks, which avoids tedious growth optimization and long preparation times, will enable access to a wide range of tailored heterojunctions.
